Neuroligins enhance synapse formation in vitro, but surprisingly are not required for the generation of synapses in vivo. We now show that in cultured neurons, neuroligin-1 overexpression increases excitatory, but not inhibitory, synaptic responses, and potentiates synaptic NMDAR/ AMPAR ratios. In contrast, neuroligin-2 overexpression increases inhibitory, but not excitatory, synaptic responses. Accordingly, deletion of neuroligin-1 in knockout mice selectively decreases the NMDAR/AMPAR ratio, whereas deletion of neuroligin-2 selectively decreases inhibitory synaptic responses. Strikingly, chronic inhibition of NMDARs or CaM-Kinase II, which signals downstream of NMDARs, suppresses the synapse-boosting activity of neuroligin-1, whereas chronic inhibition of general synaptic activity suppresses the synapse-boosting activity of neuroligin-2. Taken together, these data indicate that neuroligins do not establish, but specify and validate, synapses via an activity-dependent mechanism, with different neuroligins acting on distinct types of synapses. This hypothesis reconciles the overexpression and knockout phenotypes and suggests that neuroligins contribute to the use-dependent formation of neural circuits.
INTRODUCTION
Synapse formation and maturation are essential for the normal establishment and remodeling of neuronal circuits in the brain, and impairments in synapse formation and maturation are major factors in the pathogenesis of brain disorders such as autism and mental retardation. Neuroligins (NLs) are trans-synaptic cell adhesion molecules that are thought to function in synapse formation, specification, or both (Goda and Davis, 2003; Yamagata et al., 2003) . NLs were discovered as ligands (or receptors, for that matter) of neurexins, which are synaptic cell-adhesion molecules involved in synapse specification (Ushkaryov et al., 1992; Missler et al., 2003) ; NLs bind to neurexins in an interaction that is regulated by alternative splicing of both neurexins and NLs (Ichtchenko et al., 1995 (Ichtchenko et al., , 1996 Boucard et al., 2005; Chih et al., 2006) . Mutations in NL genes are found in patients with familial autismspectrum disorders (Jamain et al., 2003; Laumonnier et al., 2004; Yan et al., 2005; Zoghbi, 2003) , including a point mutation in the neuroligin-3 (NL3) gene (the Arg451Cys substitution) that causes at least partial retention of NL3 in the endoplasmic reticulum (Chih et al., 2004; Comoletti et al., 2004) , suggesting that NLs are critical for normal brain function.
NLs, when expressed in nonneuronal cells, induce formation of synapses by cocultured neurons, probably via a trans-synaptic interaction with presynaptic a-and b-neurexins (Scheiffele et al., 2000; Chubykin et al., 2005; Boucard et al., 2005; Chih et al., 2006) . In support of a central role of neurexins in the synapse-inducing activity of NLs, expression of neurexins in nonneuronal cells elicits formation of postsynaptic specializations by cocultured neurons onto these cells (Graf et al., 2004; Nam and Chen, 2005) . Moreover, overexpression of NLs in neurons increases synapse density as evaluated morphologically, although the functions of these synapses were not studied (Dean et al., 2003; Graf et al., 2004; Chih et al., 2006; Prange et al., 2004; . Overall, these results established that NLs perform a synaptic function and gave rise to the hypothesis that NLs function in the initial establishment of synapses (reviewed in Cantallops and Cline, 2000; Hussain and Sheng, 2005; .
However, the neuronal culture experiments are also consistent with an alternative hypothesis for the functions of NLs, namely that NLs specify and validate synapses instead of mediating their initial establishment. In this context, we mean for synapse specification and validation to refer to the process that instructs synapses to become excitatory or inhibitory, stable or transient, facilitating or depressing-in short, the process that directs the functional development of synapses after establishment of the initial contact. In neuronal cultures, transient synapses are probably constantly formed in an NL-independent manner, and their numbers may appear to be increased by NLs if NLs functionally validate them. Even in the artificial synapse-formation assay, nonneuronal cells elicit formation of transient synapses from cocultured neurons without NLs (Biederer et al., 2002; Boucard et al., 2005; Scheiffele et al., 2000) , and may appear to be initiated by NLs even if NLs act only after synapse initiation. Indeed, results from knockout (KO) mice demonstrated that neither NLs nor a-neurexins are required for the initial formation of synapses, but both are essential for synaptic function and mouse survival (Missler et al., 2003; Varoqueaux et al., 2006) . Thus, an open issue is whether NLs function in the initial establishment or the validation and specification of synapses. One of the goals of the present study is to address this issue in cultured neurons by testing whether NLs induce an increase in synapse numbers by prompting their initial formation, or induce such an increase by acting downstream of synapse initiation at a later, activity-dependent step.
A second open issue, related to the question of whether NLs are involved in establishing or in specifying and validating synapses, concerns the differential roles of neuroligin-1 (NL1) and neuroligin-2 (NL2) in excitatory versus inhibitory synapses. NL1 is predominantly localized to excitatory, and NL2 to inhibitory, synapses (Song et al., 1999; Varoqueaux et al., 2004; Graf et al., 2004) , and overexpression of NL1 enhances excitatory synapse numbers, whereas overexpression of NL2 enhances inhibitory synapse numbers (Prange et al., 2004; Chih et al., 2005) . These observations indicated that expression of distinct NLs may regulate the excitatory/inhibitory balance . A surprising set of recent data suggested, however, that alternative splicing of NL1 and NL2 may alter their specificity for excitatory versus inhibitory synapses (Chih et al., 2006) . This result would be consistent with the observation that overexpression of NL1 increased the frequency and amplitude of both excitatory and inhibitory spontaneous miniature postsynaptic currents (''minis'') (Chih et al., 2005; Nam and Chen, 2005; Prange et al., 2004) , and that RNAi-mediated knockdown of NL1 and NL2 each decreased the density of both excitatory and inhibitory synapses in cultured neurons (Chih et al., 2005) . Thus, there are two conflicting sets of data: the initial localization data, suggesting a principal specificity of NL1 and NL2 for excitatory versus inhibitory synapses, respectively (Song et al., 1999; Graf et al., 2004; Varoqueaux et al., 2004) , and the transfection data in cultured neurons, suggesting that such specificity arises from alternative splicing of NLs, and is not dictated by the principal type of NL expressed (Chih et al., 2005 (Chih et al., , 2006 . Although analysis of KO mice could potentially have clarified this issue, no comparisons between the effects of different NLs on excitatory versus inhibitory synaptic transmission were made in these mice (Varoqueaux et al., 2006) . Thus, the second major goal of the present study is to address this issue in both cultured neurons and KO mice.
To address these two open issues, we have examined four questions: (1) does overexpression of NL1 and NL2 in vitro result in a net increase of functional synapses (i.e., synapses capable of evoked neurotransmission), a change in synaptic properties, or even both? (2) Do NL1 and NL2 have distinct actions on excitatory versus inhibitory synapses in vitro and in vivo? (3) Do NL1 and NL2 promote synapse formation independent of activity as a synapse-inducing agent, or do they act downstream of the initiation of synapse formation in an activitydependent manner? (4) Do NL-deficient neurons in vivo exhibit a phenotype that is at least in part complementary to that of NL-overexpressing neurons in vitro? Our data demonstrate that NL1 specifically increases the number of functional excitatory synapses independent of alternative splicing, whereas NL2 specifically enhances the number of inhibitory synapses. Furthermore, a complementary phenotype was observed in the analysis of NL1 and NL2 KO mice. We show that the effects of both NL1 and NL2 are dependent on synaptic signaling. NL1 action can be blocked by inhibitors of NMDARs or CaM-Kinase IIa, whereas NL2 action can be blocked by general inhibition of synaptic transmission. Moreover, we demonstrate that the effects of NL1 require its extracellular domain, and that introduction of a mutation observed in a patient with an autism-spectrum disorder into NL1 suppresses endogenous excitatory synapse function. These results suggest a model whereby NLs validate transient synapses in an activity-dependent manner that intersects with postsynaptic signaling pathways, a model that accounts for both the NL overexpression and KO phenotypes.
RESULTS

NL1-Induced Increase in Synapse Numbers Requires NMDAR Signaling
To test whether the increase in synapse numbers induced by overexpression of NL1 (Dean et al., 2003; Graf et al., 2004; Chih et al., 2006; Prange et al., 2004; is constitutive or involves synaptic signaling, we overexpressed NL1 and control proteins in cultured neurons, and analyzed the number of synapses morphologically. We cultured hippocampal neurons from newborn rats, transfected them at 10 days in vitro (DIV) with NL1 that was expressed as either an EGFP-tagged or an untagged protein and analyzed the neurons at 14-15 DIV. Except when noted differently, for the transfections we used splice variants of NLs that contained inserts in all splice sites. In these experiments, we incubated neurons from the day of transfection in either control medium or medium containing 50 mM AP5 (a high-affinity NMDAR antagonist) to test whether chronic blockade of NMDARs impairs the ability of NL1 to increase synapse numbers. NMDAR signaling was examined because NMDAR signaling is dispensable for synapse formation as such, but is required for the activity-dependent shaping of synaptic circuits (Feldman et al., 1999; Perez-Otano and Ehlers, 2005; Skuse et al., 1997) , and because NMDARs are connected to NL1 in that both bind to PSD-95 (Irie et al., 1997; Kornau et al., 1995; Niethammer et al., 1996) .
Transfection of NL1-EGFP, but not EGFP alone, caused an $100% increase in the spine and synapse density of the transfected neurons, as reported previously (Chih et al., 2004; Boucard et al., 2005) , but had no significant effect on synapse size ( Figure 1A ). AP5 reversed the increase in synapse density in neurons expressing NL1, but had a much smaller effect on synapse density in control-transfected neurons (Figures 1B and 1C ; see Table S2 in the Supplemental Data available with this article online for a statistical analysis demonstrating that this effect is specific). Chronic AP5 treatment did not alter the expression levels of NL1 or its targeting to postsynaptic spines, suggesting that AP5 treatment directly interferes with the functional action of NL1 on synapses. To ensure that the suppression of the synapse-inducing activity of NL1-EGFP by AP5 was not caused by the EGFP moiety in NL1-EGFP, and that the morphological analysis was not skewed due to a comparison of spines labeled with NL1-EGFP versus EGFP alone, we also examined neurons that were cotransfected with EGFP and untagged NL1, or with EGFP and untagged SynCAM. Note that the candidate synaptic cell adhesion molecule SynCAM was used as a negative control in these experiments because previous studies showed that overexpression of SynCAM selectively increases the function of nascent synapses in immature neurons without affecting mature synapses (Biederer et al., 2002; Sara et al., 2005) . Similar to what we found with EGFP-tagged NL1, we observed a specific, $100% increase in the number of spines and synapses in neurons expressing untagged NL1; again, this increase was reversed by chronic treatment with AP5, whereas chronic treatment with AP5 had only a small effect on SynCAM-expressing neurons (see Figures S1A-S1C in the Supplemental Data available with this article online).
NL1 Causes an NMDAR-Dependent Increase in Excitatory Synaptic Transmission
To test whether the morphologically observed increase in synapse density corresponds to an increase in synaptic function, we monitored the effects of NL1 on synaptic transmission. Previous studies showed that NL1 overexpression increases the frequency of spontaneous minis, suggesting that the additional synapses induced by overexpressed NL1 may be functional (Chih et al., 2005; Prange et al., 2004) . However, synaptic information is normally transferred by evoked transmission, whose relationship to spontaneous mini events is complex (e.g., see Pang et al., 2006; Dityatev et al., 2000) . To clarify whether NL1-induced synapses are functional, we performed whole-cell voltage-clamp patch recordings of neurons expressing NL1 or control proteins, and monitored excitatory postsynaptic currents (EPSCs) induced by local extracellular stimulation (Maximov and Sudhof, 2005; Maximov et al., 2007) . Action potentials in the patched neuron were blocked with QX-314, and recordings were performed with picrotoxin in the bath to abolish GABA A R-mediated events. AMPAR-and NMDARmediated EPSCs were measured at À70mV and +40mV holding potentials, respectively, in the presence of external Mg 2+ . In these experiments, AMPAR-and NMDARdependent responses could be reliably resolved because the peak of AMPAR-mediated EPSCs occurs 2 ms after stimulation, whereas that of NMDAR-mediated EPSCs occurs 50 ms later (Poncer and Malinow, 2001; Maximov et al., 2007) . NL1-EGFP expression caused an $50% increase in AMPAR-mediated EPSCs, an $100% increase in NMDAR-mediated EPSCs, and an $40% increase in the NMDAR/AMPAR ratio ( Figures 1D and 1E ). Chronic blockade of NMDARs with AP5 reversed the action of NL1-EGFP on AMPAR-and NMDAR-mediated EPSCs and the NMDAR/AMPAR ratio, but had little effect on control neurons expressing EGFP alone (Figures 1D and 1E ; again, see Table S2 for a detailed statistical analysis of the AP5 effect). Moreover, in neurons expressing untagged NL1 that does not contain an EGFP moiety, we observed a similar $100% increase of AMPAR-and NMDAR-dependent responses compared with responses from SynCAMexpressing control neurons, and we also detected an increase in the NMDAR/AMPAR ratio (Figures S1D and S1E). Chronic treatment with AP5 again specifically reversed the effect of NL1. Since it was recently suggested that the relative effects of NLs on excitatory versus inhibitory synapses may be regulated by alternative splicing (Chih et al., 2006) , we also tested different splice variants of NL1. We found, however, that all NL1 splice variants lacking inserts in sites A, B, or both had similar activities on EPSCs as NL1 containing inserts ( Figures 1F and 1G ).
NL1 Action Is Specific for Excitatory Synapses
Does NL1 boost the numbers and strength of all synapses, or specifically act only on glutamatergic synapses? To address this question, we examined whether NL1 overexpression alters the number of inhibitory synapses ( Figure S2 ) or the size of inhibitory synaptic responses ( Figure 2) .
We recorded evoked inhibitory postsynaptic currents (IPSCs) in NL1-EGFP-and EGFP-only-expressing neurons ( Figure 2 ). Overexpression of NL1 did not significantly alter the size of evoked IPSCs, suggesting that, consistent (Boucard et al., 2005) . Data shown in (B), (C), (E), and (G) are means ± SEMs. n = 3 independent experiments with six to ten neurons per experiment and condition; asterisks indicate statistically significant differences; *p < 0.05; **p < 0.01; ns, not significant. In all experiments in this and all following figures, the NL splice variant analyzed corresponds to the variant with inserts in all sites of alternative splicing except when indicated otherwise.
with its localization (Song et al., 1999) , NL1 specifically acts only on excitatory synapses (Figures 2A and 2B ). Moreover, chronic AP5 treatment did not alter the size of the IPSCs in control EGFP-or in NL1-EGFP-expressing neurons. The lack of an effect of NL1 on inhibitory synapses was confirmed by staining of NL1-transfected neurons for an inhibitory synapse marker, the vesicular GABA-transporter VGAT (McIntire et al., 1997) . This experiment demonstrated that although NL1 induced an increase in total synapse numbers, it had no effect on the number of inhibitory synapses ( Figure S2) . Finally, we systematically tested all splice variants of NL1 because it was suggested, based on antibody staining, that some splice variants of NL1 may increase inhibitory synapse numbers (Chih et al., 2006) . We observed that some NL1 splice variants induced a small but statistically significant decrease in the amplitude of the IPSCs. However, in these experiments no NL1 splice variant induced an increase in the IPSC amplitude ( Figures 2C and 2D ).
Effect of Chronic Blockade of CaM-Kinase II on Evoked EPSCs in Neurons Expressing NL1
CaM-Kinase II is thought to act downstream of NMDAR activation in synaptic plasticity and in the activity-dependent validation of synaptic connections (Poncer et al., 2002) . To probe whether signaling via CaM-Kinase II is essential for NL1-mediated increases in excitatory synaptic transmission, we incubated neurons expressing NL1-EGFP or EGFP only for 4 days in the presence of either 5 mM KN-93 (a CaM-Kinase II inhibitor) or 5 mM KN-92 (the inactive analog of KN-93), and measured evoked NMDAR-and AMPAR-dependent EPSCs ( Figure 3A) . Chronic blockade of CaM-Kinase II completely reversed the potentiation of both AMPAR-and NMDAR-dependent EPSCs and also reversed the increase of the NMDAR/ AMPAR ratio in NL1-EGFP expressing neurons (Figure 3B) . Thus, activation of postsynaptic NMDARs and CaM-Kinase II signaling downstream is essential for NL1 to enhance synaptic function in neurons.
Deletion of NL1 Decreases the Ratio of NMDAR-to AMPAR-Mediated EPSCs
The fact that chronic blockade of NMDARs or CaM-Kinase II prevents the NL1-induced increase in synapse numbers in cultured neurons argues against the notion that NLs simply induce synapses and suggests that they function in the specification and validation of previously established synaptic contacts. This hypothesis of NL function is consistent with both the KO results, which show that NL1 deletion alters synapse function without significantly changing synapse numbers (Varoqueaux et al., 2006) , Sample traces (A) and summary graphs (B) of EPSCs recorded from neurons expressing only EGFP or EGFP-tagged NL1 cultured either in medium containing 5 mM KN-93 (CaM-Kinase IIa inhibitor) or in control medium containing 5 mM KN-92 (inactive analog of KN-93) for 4 days prior to the recordings. Data shown are means ± SEMs; asterisks represent statistically significant differences; n = 18 cells from three cultures; *p < 0.05, **p < 0.01; ns, not significantly different. and the overexpression results, which show that NL1 can increase the density of synapses in cultured neurons. According to this hypothesis, the transfection results are not an artifact, but reflect a physiological function of NL1 that should be detectable in the NL1 KO mice; i.e., the hypothesis predicts that synapse specification and validation should be altered in the NL1 KO mice.
To test this prediction, we performed whole-cell patchclamp recordings in the CA1 area of acute hippocampal slices from NL1 KO and littermate control mice (Varoqueaux et al., 2006) and measured AMPAR-and NMDAR-dependent synaptic responses evoked by stimulation of Schaffer collaterals ( Figure 4A ). The stimulus strength was adjusted to achieve a similar AMPARdependent EPSC amplitude (50-100 pA), and the NMDAR-dependent EPSC amplitude was then measured in the same neuron with the same stimulus strength. Strikingly, we observed an $50% decrease in the mean relative amplitude of NMDAR-mediated EPSCs ( Figure 4B ). This relative decrease in NMDAR-dependent responses resulted in a highly significant, $50% decrease in the NMDAR/AMPAR ratio.
To ensure that this effect reflects a selective action of NL1 on excitatory synapses, we measured IPSC sizes in NL1 KO mice using paired recordings from acute cortical slices ( Figure 4C ). We found no difference in the absolute size of the IPSCs or the failure rate between slices from wild-type and littermate NL1 KO mice, demonstrating that the effect of the NL1 deletion is as selective as the effect of NL1 overexpression in cultured neurons ( Figures  4C and 4D and data not shown) . Moreover, the input/ output curves of IPSCs in NL1 KO mice failed to uncover a difference (see below). Thus, deletion of NL1 depresses NMDAR-dependent synaptic responses compared with AMPAR-dependent responses, whereas overexpression of NL1 potentiates these responses.
NL2 Enhances Inhibitory, but Not Excitatory, Synaptic Function
To test whether the differential localizations of NL1 and NL2 to excitatory and inhibitory synapses, respectively, reflect distinct functions, we examined the effects of NL2 on synapse numbers and evoked synaptic responses in transfected neurons ( Figure 5 ). Overexpression of NL2 caused a moderate increase in synapse numbers, mostly on dendritic shafts ( Figures 5A and 5B) , and resulted in the increased formation of thin filopodia, many of which lacked associated presynaptic terminals ( Figure S3 ). Strikingly, NL2 had no significant effect on the amplitudes of AMPAR-or NMDAR-dependent evoked EPSCs ( Figures  5C-5F ), but produced a 50% increase in IPSC amplitudes compared with neurons expressing EGFP alone ( Figures  5G and 5H) . Thus, NL2 selectively enhances inhibitory synaptic function, consistent with its localization.
Chronic AP5 treatment did not cause a significant change in EPSCs or IPSCs in control-or NL2-transfected neurons ( Figures 5E-5H) . However, chronic inhibition of all neuronal network activity by treatments with 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) (an AMPAR inhibitor) and picrotoxin (a GABA A R inhibitor, included to block chronic hyperpolarization) suppressed the NL2-induced increase in IPSCs. Again, this treatment had only a slight effect on EPSCs (Figures 5E-5H) . Thus, similar to the NL1-induced increase in excitatory synaptic function in cultured neurons, the NL2-induced increase in inhibitory synaptic function is activity dependent.
The NL1 and NL2 transfection results strongly suggest that NL1 and NL2 are functionally specialized for excitatory and inhibitory synapses, respectively, but share a similar fundamental requirement for synaptic activity. To confirm these conclusions within a more physiological preparation, we examined IPSCs and EPSCs in acute cortical slices from NL1 KO (as a control) and NL2 KO mice ( Figure 6 and Figure S4 ). Input/output curves revealed that IPSC amplitudes in NL2-deficient neurons were $50% lower than in control neurons, whereas NL1-deficient neurons exhibited no phenotype (Figure 6 ). No significant change in EPSC input/output curves was detected, although their interpretation is more difficult due to the recurrent excitatory activity in the slices ( Figure S4 ). Parallel morphological experiments suggested that in the NL2 KO mice, the number of inhibitory synapses is selectively decreased (K. Tabuchi and T.C.S., unpublished data). (E-H) Effect of chronic treatments with AP5, with and without CNQX and picrotoxin, on evoked EPSCs (E and F) and IPSCs (G and H) in NL2-overexpressing neurons. Panels show sample traces (E and G) and summary graphs (F and H). Neurons were transfected at 10 DIV and incubated in 50 mM AP5 with or without 10 mM CNQX and 50 mM picrotoxin for 4 days. IPSCs were monitored in 50 mM AP5 and 10 mM CNQX. Data shown in (A), (B), (D), (F), and (H) are means ± SEMs. n = 3 independent experiments with six to ten neurons per experiment and condition; asterisks indicate statistically significant differences; *p < 0.05; **p < 0.01; ns, not significant.
Excitatory Synapse Function Is Inhibited by an Autism-Related Mutation of NL1
In several patients with autism-spectrum disorders, mutations in NLs have been observed. As a first step toward understanding how such mutations may alter the synaptic function of NLs, we generated a mutant NL1-EGFP that contains the R473C-substitution, which corresponds to a mutation observed in NL3 from an autism-spectrum patient (NL1 R473C -EGFP; Jamain et al., 2003) . As a control, we generated a second mutant in which we inserted the acetylcholinesterase esterase domain into NL1 instead of its extracellular esterase-like domain (AchE/NL1-EGFP). We then measured the relative effects of the mutant NLs on synapse density and synaptic transmission. Compared with control-transfected neurons expressing EGFP, neurons expressing the autism mutant of NL1 exhibited a dramatic decrease in synapse density, whereas neurons expressing wild-type NL1 displayed an enhanced synapse density as expected ( Figure S5 ). Physiologically, the decrease in synapse density manifested as a >2-fold decrease in excitatory synaptic transmission, both for AMPAR-and for NMDAR-mediated responses ( Figures 7A and 7B) . The NL1 mutant, in which the entire extracellular esterase domain was replaced by that from acetylcholinesterase, still exhibited transport of NL1 into postsynaptic spines where it had a similar, but less severe, effect on synapse numbers and synaptic transmission (Figure 7 and Figure S5 ). These results are consistent with the notion that the autism NL mutation does not simply inactivate the extracellular domain of NL, but may act as a dominant-negative. Moreover, the effect of the hybrid acetylcholinesterase-NL molecule indicates that coupling of extracellular to intracellular domains is important for NL1 function.
We investigated this issue further by testing the effects of hybrid molecules in which the extracellular and intracellular sequences of SynCAM and NL1 were swapped, resulting in molecules composed of the extracellular NL1 domain fused to the transmembrane region and intracellular sequences of SynCAM (called NL1-SynCAM hybrid), or composed of the extracellular SynCAM domains fused to the transmembrane region and intracellular sequences of NL1 (called SynCAM-NL1 hybrid; Figure S6A ). We then systematically analyzed the effects of these hybrid molecules in a direct comparison with wild-type NL1 and SynCAM on synapse density ( Figure S6 ) and synapse function ( Figure S7 ). The NL1-SynCAM hybrid was as effective in boosting excitatory synapse numbers and function as wild-type NL1, whereas the SynCAM-NL1 hybrid had no significant effect compared with SynCAM alone. These data demonstrate that the extracellular NL1 domain is the major effector in boosting synapse function, and that the dominant-negative action of the autism mutant NL1 or the acetylcholinesterase-NL1 hybrid is not due to the overexpression of the cytoplasmic tail of NL1.
DISCUSSION
Using a combination of quantitative morphological analyses and electrophysiological measurements, we show that NL1 overexpression increases the number of excitatory synapses, and that these ''new'' synapses are functional (Figure 1 ). NL1 acts selectively, as it does not increase the number of inhibitory synapses (Figure 2) . The effect of NL1 on synapse specificity is not altered by alternative splicing (Figures 1F and 1G) . In contrast to the selective action of NL1 on excitatory synapses, NL2 specifically increased the number of inhibitory synapses ( Figure 5 ). In view of their high degree of sequence homology, it is surprising that NL1 and NL2 act so selectively in enhancing synapse function. NL1 not only increased excitatory synaptic transmission but also altered the properties of excitatory synapses since the NMDAR/AMPAR ratio was potentiated by NL1 (Figure 1) . The relative enhancement of NMDAR-dependent responses by NL1 is not an overexpression artifact but is physiologically relevant because deletion of NL1 had the opposite effect: it caused a large relative decrease in NMDAR-mediated synaptic responses and in the NMDAR/AMPAR ratio ( Figure 4) . Similarly, deletion of NL2 selectively suppressed the size of IPSCs (Figure 6 and Figure S4 ). Moreover, consistent with a role of endogenous NL1 in regulating excitatory synaptic transmission, overexpressed mutant NL1 containing a single amino acid substitution found in autism-spectrum patients depressed the number of excitatory synapses and decreased excitatory synaptic strength (Figure 7 ). These results extend previous studies showing that NL overexpression increases synapse numbers (Dean et al., 2003; Graf et al., 2004; Chih et al., 2006; Prange et al., 2004; Boucard et al., 2005; by demonstrating that the added synapses are actually functional. Importantly, these results resolve the question of the specificity of NL1 and NL2 action by demonstrating that in vitro and in vivo, NL1 and NL2 act in a surprisingly selective manner, independent of alternative splicing, on either only excitatory or only inhibitory synapses, respectively.
The increase in synapse numbers induced by NL overexpression could be explained by at least two principally different hypotheses: (1) NL1 and NL2 selectively induce the formation of new excitatory and inhibitory synapses, respectively; or (2) NL1 and NL2 mediate the activitydependent specification and validation of initial transient synaptic contacts. To distinguish between these two hypotheses, we investigated the effect of blocking synaptic activity on the synapse-enhancing action of NLs. In what is probably the most important result of our study, we found that the NL1-induced increase in the number of functional excitatory synapses in cultured neurons was blocked by chronic treatment of the neurons with AP5, an NMDAR inhibitor (Figure 1 and Figure S1 ). Since chronic AP5 treatment also caused a modest depression of excitatory synaptic parameters in control neurons, a potential concern is that the effect of AP5 in NL1-expressing neurons is a simple amplification of the AP5 effect on control neurons. This hypothesis, however, is excluded by a statistical analysis of the various AP5 treatment experiments, which demonstrates that AP5 induces, on average, a 1.3-fold decrease in synaptic parameters in control neurons, but a 2-fold decrease in synaptic parameters in NL1-expressing neurons (Table S2) . Moreover, the difference between untreated and AP5-treated neurons is rarely significant for control neurons or NL2-expressing neurons, but is always significant for NL1-expressing neurons. Finally, the difference between control and NL1-expressing neurons is invariably significant in untreated neurons, but generally not significant in AP5-treated neurons (Table S2 ). In specifically reversing the action of NL1, AP5 had no effect on the expression level or synaptic localization of NL1, and thus interfered with the local action of NL1 in synaptic spines. Chronic inhibition of CaM-Kinase II, which is thought to be a signal downstream of NMDARs in synapses, also blocked the NL1-induced increase in excitatory synaptic transmission (Figure 3) . Although the increase in inhibitory synapses by NL2 was not altered by AP5, it was blocked by silencing general synaptic activity using CNQX and picrotoxin (Figure 5) . The reversal of the effects of NL1 or NL2 expression by blockade of synaptic signaling-without altering the expression or localization of NL1 or NL2-indicates that NLs do not mechanically nucleate synapse formation, but rather require synaptic activity.
Based on present and previous results, we would like to propose a model suggesting that NLs contribute to the activity-dependent specification and validation of synapses (Figure 8 ). In addition to the current data, this suggestion is supported by the finding that NL1 expression in immature neurons (in contrast to mature neurons) does not significantly alter synaptic activity, whereas SynCAM does (Sara et al., 2005) . Moreover, consistent with the synapse specification and validation hypothesis, deletions of NLs have only a small effect on synapse numbers (Varoqueaux et al., 2006) . It should be noted that, consistent with our results, NMDAR activity is not generally required for the normal formation of synapses (Gomperts et al., 2000) , but is essential for the validation and specification of synapses. This is similar to the role we propose here for NLs, and is necessary for the synaptic integration of newly generated neurons in the adult dentate gyrus (Tashiro et al., 2006) .
What is the evidence against this model? The artificial synapse-formation assay, in which NL1, when expressed in a nonneuronal cell, induces synapse formation by Figure S5 . (B) Mean amplitudes of NMDAR-and AMPAR-dependent EPSCs and mean NMDAR/AMPAR ratios. Data shown are means ± SEMs. n = 18 neurons from three cultures; asterisks indicate that a condition exhibits a statistically significant difference from the EGFP-only-transfected control condition; *p < 0.05; **p < 0.01. cocultured neurons (Scheiffele et al., 2000) , does not rule out this model; in this assay, a small number of synapses are also formed on control cells (Biederer et al., 2002) , suggesting that even in the absence of a neural celladhesion molecule, some synapses are transiently formed. Thus, the artificial synapse-formation assay does not determine whether NL1 induces new synapses or stabilizes transient synapses. Moreover, the synaptic cell-adhesion molecule SynCAM is as active as NL1 in the artificial synapse-formation assay (Biederer et al., 2002) , but does not enhance the number or function of excitatory synapses in mature cultured neurons ( Figure S1 ). At first glance, it may seem puzzling that although NL1 and SynCAM have similar effects in the artificial synapse-formation assay, they have distinct effects in neurons. However, it appears likely that any postsynaptic molecule capable of activating a presynaptic signal transduction pathway will work in the artificial synapse-formation assay, independent of the in vivo function of this molecule. In this view, the artificial synapse-formation assay simply reflects the fact that a given protein is a trans-synaptic cell-adhesion molecule, and SynCAM serves as an appropriate control for the actions of NL1 since overexpression of the latter, but not the former, has significant effects in neurons. The R473C mutant of NL1 may inhibit synaptic function because it heterodimerizes with endogenous NLs, thereby effectively decreasing the neuronal NL concentration. This hypothesis would account for the fact that the R473C mutant of NL1 severely impairs normal synapse formation in neurons despite its continued ability to induce synapse formation in the artificial synapse-formation assay . Finally, in RNAi knockdown experiments a decrease in NLs has been correlated with a decrease in synapse numbers (Chih et al., 2004) . However, in these experiments NL1 and NL2 exerted similar effects on spontaneous inhibitory versus excitatory synaptic events, whereas in our in vitro and in vivo experiments, their effects are highly specific for excitatory versus inhibitory synapses. Recent results show that RNAi produces powerful offtarget effects on synapses (Alvarez et al., 2006) , suggesting that combined RNAi and rescue experiments are needed to clarify whether RNAi-dependent knockdown of NLs decreases synapse numbers in culture.
How does NL1 act in synapse stabilization? One hypothesis, proposed in the model (Figure 8 ), is that the simultaneous postsynaptic activation of NL1 by presynaptic neurexins and of NMDARs by synaptic activity stimulates a signaling cascade involving CaM-Kinase II that triggers synapse maturation (Figure 3) . The coupling between activation of NL1 and NMDARs may be mediated by their common interaction with PSD-95 and other postsynaptic scaffolding molecules (Irie et al., 1997; Kornau et al., 1995; Niethammer et al., 1996) . Indeed, it is likely that the cytoplasmic sequences of NLs have a major functional role because the dominant-negative action of the acetylcholinesterase-NL fusion protein (which does not heterodimerize with endogenous NLs) suggests an action of the cytoplasmic sequences of NL1 (Figure 7 ). Coupling synaptic function (i.e., synaptic transmission) to synaptic structure (i.e., trans-synaptic cell adhesion) would allow coordination of the structural and functional specializations of synapses, with the differential modulation of trans-synaptic neurexin/NL interactions providing a plausible mechanism by which different synaptic properties could be specified.
In terms of neuronal circuits, the activity dependence of the synapse-boosting actions of NL1 and NL2 raises the question of whether synaptic activity is required for NL function in a global ''permissive'' sense, or whether NLs perform a role as a synapse-specific activity detector. In a global permissive sense, increased activity would The initial synaptic contact between neurons is proposed to involve multiple cell-adhesion molecules, including SynCAM and cadherins, which might impart specificity on synaptic contacts. The resulting immature synapses are functional, but are stabilized and further specified in terms of their specific properties (release probability, plasticity, NMDAR/AMPAR ratio, and others) by activity-dependent processes. The model suggests that NL1 mediates the activity-dependent stabilization of transient synaptic contacts, but that this function of NL1 depends on the simultaneous activation of NMDARs. In promoting activity-dependent synapse stabilization, postsynaptic NL1 likely transduces a trans-synaptic signal triggered by binding of its extracellular esterase-like domain to presynaptic neurexins. NL2 presumably performs an analogous function in inhibitory synapses.
promote the actions of both NL1 and NL2 on excitatory and inhibitory synapses, respectively, thereby contributing to the preservation of an excitatory/inhibitory balance. As synapse-specific activity detectors, NL1 and NL2 would contribute to the strengthening of particular synaptic connections dependent on their activity, and thereby contribute to the formation of specific circuits. Independent of which of these hypotheses is correct, it is clear that NLs contribute to the determination of the excitation/inhibition ratio in a neural circuit. This ratio is crucial for dendritic integration and neuronal computation, and determines whether or not that neuron will fire in a given situation. Impairments in the overall ratio of excitatory to inhibitory transmission are observed in neurological disorders like autism-spectrum disorders, mental retardation, and epilepsy, where such impairments reflect pathological circuit abnormalities. Moreover, the role of NLs may go beyond setting the excitatory/inhibitory ratio since NLs appear to influence the properties of synapses in addition to enhancing excitatory versus inhibitory inputs, as indicated in the specific changes observed in the properties of excitatory synapses in NL1-overexpressing or NL1-deficient neurons (Figure 1 and Figure 4 ).
EXPERIMENTAL PROCEDURES
Constructs
All NL1 expression vectors encode rat NL1 with inserts in splices sites A and B, except when indicated otherwise (Biederer et al., 2002; Sara et al., 2005) , and are described in the Suppl. Materials.
Cell Culture
Primary hippocampal neuronal cultures were prepared from 1-to 2-day-old Sprague-Dawley rats (Kavalali et al., 1999) , transfected at 10 DIV vitro using a calcium phosphate transfection protocol (Xia et al., 1996) , and analyzed at 14 DIV. Chronic AP5 treatments were performed by adding 50 mM AP5 to the culture medium at 10 to 14 DIV; AP5 was washed out before recordings were started.
Electrophysiological Analyses of Cultured Neurons
Whole-cell recordings from pyramidal cells were acquired at room temperature in a modified Tyrode bath solution (150 mM NaCl, 4 mM KCl, 2 mM MgCl 2 , 10 mM glucose, 10 mM HEPES, and 2 mM CaCl 2 [pH 7.4, 310 mOsm]) with a MultiClamp 700B amplifier and Clampex 8.0 software (Axon Instruments, Union City, CA). Recordings were filtered at 2 kHz and sampled at 200 ms. EPSCs and IPSCs were evoked with a local stimulation electrode (Maximov and Sudhof, 2005) . AMPAR-and NMDAR-mediated EPSCs were recorded in 50 mM picrotoxin at holding potentials of À70mV and +40mV, respectively. AMPAR-dependent EPSCs and IPSCs were quantified by measuring the amplitude 2 ms after the onset of synaptic responses, and NMDAR-dependent EPSC amplitudes were measured 50 ms after the EPSC onset. IPSCs were recorded in 10 mM CNQX and 50 mM AP5 at a holding potential of À70mV. Input and series resistances were monitored (series resistance $10 MU), and experiments with unstable readings were discarded. Recordings were performed on anonymized samples to avoid observer bias. The recording methods are described in detail in Maximov et al. (2007) .
Electrophysiological Analyses of NL KO Mice
Electrophysiological analyses of NL KO mice were performed at room temperature ($22 C) in standard ACSP in acute hippocampal and cortical slices from littermate mice that were either homozygous NL1 or NL2 KO mice, or contained one or two wild-type NL1 or NL2 alleles (controls). Three types of experiments were performed (see Suppl. Materials for additional descriptions), which are detailed as follows.
Measurements of EPSCs in Hippocampal Slices
Whole-cell recordings were performed from CA1 pyramidal neurons in slices from mice at P19-21 in 100 mM picrotoxin to prevent disynaptic inhibitory responses, and after removal of the CA3 region to abolish polysynaptic responses. An extracellular stimulating electrode in the stratum radiatum ($75 mm away from the patched neuron) was used to perform four analysis stages.
(1) We first tested whether extracellular stimulation produced excitatory monosynaptic responses using a holding potential of À70mV, or produced inhibitory responses using a holding potential of À30mV (if inhibitory responses occurred, one of the following was done: [a] stimulation intensity was reduced, [b] stimulating probe was moved, or [c] recording was terminated); (2) we then optimized the stimulation strength to elicit AMPAR-mediated responses of À50 to À100 pA with current pulses of 50-400 mA; (3) using this stimulus strength, we measured AMPAR responses to five to ten stimuli applied at 0.125 Hz with a postsynaptic holding potential of À70mV; and finally, (4) we measured postsynaptic NMDAR-mediated responses in the same cell by switching the postsynaptic holding potential to +40mV. AMPAR-mediated responses were monitored as the peak amplitude; NMDAR-mediated responses as the amplitude 40 ms after the stimulus. Moreover, in two experiments AP5 was shown to completely block the measured NMDAR-dependent currents, validating the measurements.
Measurements of IPSCs by Paired Recordings
Measurements of IPSCs were performed in paired recordings in layer 4 of the somatosensory cortex (within barrel hollows) in acute slices from P14-16 mice. Voltage-clamp whole-cell recordings were established in neighboring presynaptic inhibitory fast-spiking neurons and postsynaptic regular-spiking neurons with À60mV and À55mV holding potentials, respectively. Of 24 patched wild-type pairs, 12 had inhibitory connections and 17 had excitatory connections; of 20 patched NL1 KO pairs, 10 had inhibitory connections and 15 had excitatory connections, suggesting that the postsynaptic neurons were excitatory stellate neurons, and the presynaptic neurons, inhibitory fastspiking neurons (Gibson et al., 1999) . Junction potentials were 9mV. IPSCs were measured in response to a 20 Hz stimulus train of eight evoked presynaptic action potentials, and the absolute amplitude and short-term synaptic plasticity of responses were measured (failure rates of unitary IPSCs: 9% ± 3% for wild-type slices [n = 12]; 6% ± 4% for NL1 KO slices [n = 10]; means ± SEMs; p = 0.57).
Measurements of Input/Output Curves in Cortical Slices
Cortical slices (0.3 mm) were prepared from male littermate mice at P13-16 according to Agmon and Connors (1991) . Mice were anesthetized and decapitated, and the brain was removed and placed into icecold dissection buffer (87 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 7 mM MgSO 4 , 26 mM NaHCO 3 , 20 mM d-glucose, 75 mM sucrose, 1.3 mM ascorbic acid, and 0.5 mM CaCl 2 ). The brain was bisected sagittally and the cut surfaces were attached to the slicing platform. Slices were made with a Leica Vibratome slicer and incubated at 34 C in ACSF (126 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 2 mM MgSO 4 , 26 mM NaHCO 3 , 25 mM d-glucose, and 2 mM CaCl 2 ) bubbled with 95% O 2 /5% CO 2 . The slices were allowed to recover at 34 C for 1 hr and were then kept at room temperature for the remainder of the experiment. Slices were added to the recording chamber and allowed to equilibrate for 10 min prior to recording. The recording chamber was perfused at 1 ml/min with carbogenated ACSF containing either 20 mM CNQX for IPSCs or 2 mM 2-chloradenosine and 50 mM picrotoxin for EPSCs. All recordings were performed in layer 2/3 pyramidal cells of the somatosensory cortex, identified by their size and single apical dendrite. Evoked synaptic responses were elicited with current injection through an extracellular electrode placed in layer 2/3 of the cortex 100-150 mm from the postsynaptic cell. Synaptic responses were recorded in a whole-cell mode using a MultiClamp 700B amplifier and the magnitude of the extracellular stimulus was controlled with a Model 2100 Isolated Pulse Stimulator. The whole-cell pipette solution contained 145 mM KCl, 5 mM NCl, 10 mM HEPES, 10 mM EGTA, 0.3 mM Na 2 GTP, 4 mM MgATP, and 10 mM QX-314. For each cell, the synaptic response was the average of five traces at 0.2 Hz after the responses had equilibrated. The responses were sampled at 10 kHz and analyzed using pClamp and Microsoft Excel. Pipettes used for whole-cell recording had a resistance of 3-5 MU. Cells that possessed series resistance greater than 20 MU or a leak current greater than 200 pA were discarded. Statistical analysis was performed with paired t test and responses are depicted as absolute values ± SEM.
Immunocytochemistry, Image Acquisition, and Analysis Neurons were fixed in cold 100% methanol, permeabilized in 0.1% saponin, and incubated with primary and secondary antibodies in PBS with 3% nonfat milk and 0.1% saponin using Alexa Fluor 633 goat anti-rabbit and Alexa Fluor 546 goat anti-mouse antibodies (Molecular Probes) as secondary antibodies ; see Suppl. Materials). Images were acquired with a Leica TCS2 confocal microscope with identical settings applied to all samples in an experiment, and are presented in three colors: presynaptic terminals (visualized via synapsin staining) in red, dendrites (MAP2 staining) in blue, and spines (EGFP or Venus fluorescence, either from transfected tagged NLs or from cotransfected EGFP-tagged b-actin) in green. Stacks of z-section images were coded, converted to maximal projection images, and analyzed blindly with the NIH Image/ImageJ program. Channels corresponding to EGFP and synapsin signals were thresholded to outline spines and presynaptic terminals correspondingly. Area size, fluorescent intensity, and density of spines and presynaptic terminals per 50 mm of dendrite were measured using the ''Analyze particle'' module of the ImageJ program. Each experiment was performed at least three times with 300-1000 spines from six to ten neurons analyzed per condition.
Statistical Analysis
All results are expressed as means ± SEMs; significance was determined by Student's t test.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/54/6/919/DC1/.
